ABSTRACT: Feeding efficiency is a multifactorial and economically important trait in pigs. Genetic improvement of feeding efficiency will greatly benefit the pig industry. In the past decades, the hog market weight has increased worldwide. However, whether the genetic architecture of feeding efficiency is same or not at early and late fattening periods is unclear. To map genomic regions for feed efficiency and feeding behavior traits at early (n ≥ 384) and late (n ≥ 334) growth stages in pigs, we performed genomewide association studies for feed to gain ratio (FCR), residual feed intake (RFI), daily feed intake, daily visit times, daily feeding time (DFT), feed intake per second (FIPS), and feed intake per visit during 3 periods (2 stages and overall) in a White Duroc × Erhualian F 2 intercross population. Six chromosomal regions showed significant association with these traits, of which 4 loci were reported for the first time. Our results confirmed the QTL of FCR around 34 Mb on SSC7 and RFI around 134 Mb on SSC12. Of note, 2 regions were associated with more than 1 trait. One was around 36 Mb on SSC7, and there were 47 and 67 SNP associated with FCR from 120 to 210 and from 120 to 240 d, respectively. The top SNP is located in a 2.88-Mb linkage disequilibrium (LD) block that harbors 44 genes. We propose the high mobility group AT-hook 1 gene as a plausible candidate gene in this region. The other was evidenced around 53 Mb on SSC12, which had multiple association signals for DFT and FIPS. The top SNP is located in a 211-kb LD block that harbors only 1 annotated gene, WSCD1, which encodes a protein with sulfotransferase activity and involves the glucose metabolism and, therefore, appears to be a plausible candidate gene. Except the region on SSC12 associated with DFT at both stages, the rest of the regions associated with the traits at only 1 stage, so the genetic architectures of the 2 stages are not same.
INTRODUCTION
Feed efficiency is a very important economic trait in pigs, and it has been estimated that American pig producers could save US$500 million per year if the feed to gain ratio (FCR) drops from 2.75 to 2.45 (Boggess, 2009) . Moreover, reducing residual feed intake (RFI) can improve meat color and waterholding capability and lessen environmental impact (Gilbert et al., 2007; Saintilan et al., 2013) .
Feed efficiency can be gauged by FCR or RFI, but both of them have shortcomings. The FCR is a ratio trait, and it is not good for biological analyses. The RFI is a residual feed intake and is phenotypically independent from BW, ADG, and backfat (Gilbert et al., 2007; Cai et al., 2008) , but it is not ideal to measure feed efficiency when the environmental correlation between feed intake and production is high (Kennedy et al., 1993) . There is still a debate on which is better to measure feed efficiency.
It is costly to measure feed efficiency as it requires collecting an individual's daily feed intake. Therefore, it is worthwhile to establish marker-assisted selection tools for feed efficiency. Nevertheless, identifying such genes and markers is still a big challenge as RFI and FCR are multifactorial traits. Feed efficiency is heritable, and the heritability estimates of RFI and FCR are from 0.10 to 0.58 (Rothschild and Ruvinsky, 2011) . To date, 29 QTL of FCR and 10 of RFI have been reported (www. animalgenome.org/cgi-bin/QTLdb/SS/index). However, their genetic architectures remain largely unknown. Driven by economic factors at the packing plant and farm, the hog market weight has increased worldwide in the past few decades (Kim et al., 2005) . It is unclear whether the genetic architecture of feed efficiency is same or not at early and late fattening periods. In this study, we reported a genomewide association study (GWAS) for FCR and RFI at early (from 120 to 210 d) and late (from 210 to 240 d) stages and overall of fattening periods as well as 5 feed behavior traits in a White Duroc × Erhualian F 2 population.
MATERIALS AND METHODS

Animals and Phenotypic Recording
All experimental animals are from a White Duroc × Erhualian F 2 resource population. The structure and management of the F 2 population have been described in Guo et al. (2009) . In brief, 2 White Duroc boars were intercrossed with 17 Erhualian sows to produce F 1 individuals, from which 9 F 1 boars were mated with 58 F 1 sows to generate 1,912 F 2 animals in 6 batches from 2002 to 2006. All of the F 2 piglets were castrated at 18 d and weaned at 46 d. Animals were raised at the experimental farm of Jiangxi Agricultural University (Nanchang, China) until 110 d, and then 747 F 2 individuals, including 486 boars and 261 gilts, were transported to Jiangxi Swine Performance Test Station (Nanchang, China) for measurements of feed efficiency and feeding behaviors during the fattening period from 120 to 240 d. These piglets were group housed in half-open cement-floor pens (10 to 12 animals in each pen, with an average of 2 m 2 per pig) and fed a diet containing 16% CP, 3,100 kJ of DE, and 0.78% lysine. Diets were fortified with vitamins and minerals appropriate for the age of the pig. Pigs accessed to fresh water and feed ad libitum.
Each animal was labeled a unique electric tag on its ear during the testing period. The ACEMA 64 electronic recording feeding system (ACEMO, Pontivy Cedex, France) read the tag while the animal accessed the feeder. After a pig visited the feeder, the date, the animal number, the entering and leaving times, and the feed consumption of the visit were recorded by the ACEMA 64 system. Averages of daily feed intake (DFI), number of visits to the feeder per day (DVT), daily feeding time (DFT), and feed intake per second (FIPS) throughout the testing period were calculated for each animal. Individual BW were recorded at 120, 210, and 240 d. Feed conversion ratio was measured as the quotient of total feed consumption divided by BW gain. In this study, the FCR from Day 120 to 210 (FCR 120-210 ), from Day 210 to 240 (FCR 210-240 ), and from Day 120 to 240 (FCR 120-240 ) were calculated for 399, 334, and 519 F 2 animals, respectively. The following formula was used to calculate the RFI of 384, 354, and 503 F 2 animals in the 2 stages and overall:
in which ADFI is the average DFI; MBW is the 0.75 power of average BW during the fattening period, which represents the average metabolic BW; ABF is the average backfat thickness of 4 measurements on shoulder, chest, waist, and hip after slaughter at 240 d; and b 1 , b 2 , and b 3 are the regression coefficients of MBW, ADG, and ABF, respectively.
Genotyping
Genomic DNA was isolated from ear or tail tissue of each animal using a routine phenol/chloroform extraction method. The DNA concentration of each animal was adjusted to 50 ng/μL. All of the F 0 founders and F 1 parents together with the 932 F 2 animals were genotyped for 62,163 SNP on the Illumina Porcine SNP60 BeadChip (Illumina, San Diego, CA) following the manufacturer's instructions. Before further analyses, the SNP and F 2 animals were filtered by call rate, minor allele frequency (MAF), and the Hardy-Weinberg equilibrium (HWE) test. Only the SNP with a MAF > 0.05, a P-value of the HWE test > 0.000001, and call rate > 0.95 and the animals with call rate > 0.90 were retained for subsequent statistical analysis. A total of 39,577 SNP (including 4,386 unmapped SNP) passed the quality control. The pig genome assembly Sscrofa10.2 (www. ensembl.org/Sus_scrofa/Info/Index) was used to map the 62,163 SNP. All of unmapped SNP were assigned to chromosome 0, and their positions were arbitrarily given by the rule described in the reference (Guo et al., 2013) . In brief, the SNP were first sorted by name, and then the first SNP was assigned to 10 kb. The following SNP were assigned to 30 kb, 50 kb, and so on; that is, the interval between adjacent SNP was 20 kb.
Statistical Methods
The descriptive statistics of recorded phenotypes and phenotypic differences between the 2 stages were calculated by the MEANS procedure and the phenotypic differences between sexes were tested by the TTEST procedure of SAS 9.0 (SAS Inst. Inc., Cary, NC). The CORR procedure was used to compute the phenotypic correlation coefficients and the correlation coefficients between sexes was determined by a Fisher's z transformation (Fisher, 1970) . The MIXED procedure was engaged to filter the fixed effects and the covariates included in the GWAS model. The R package GenABEL was used to perform the genomewide association analysis under an additive model . Considering that the experimental animals are closely related, the family-based score test for association was used to detect the association between SNP and traits, and the residual inflation was corrected by genomic control (Devlin and Roeder, 1999; Zheng et al., 2005; Chen and Abecasis, 2007) . The following mixed model was used to perform GWAS:
in which y is the phenotype vector; X and Z are index matrices of the fixed effect and the random effect, respectively; b is the fixed effect vector, which includes grand mean and the effects of sex, pen, batch, BW at the beginning of the test stage (not in the GWAS model for FRI), and SNP; u is a random effect vector of the polygenic effect and follows N(0,Gσ u 2 ), in which G is the genomic kinship matrix, which is calculated based on the identity-by-state of the SNP on autosomes (Amin et al., 2007; Astle and Balding, 2009 ) and σ u 2 is the polygenic variance; and e is the residual error vector and follows N(0, Iσ e 2 ), in which I is a identical matrix and σ e 2 is residual error variance. The threshold P-values for suggestive and 5 and 1% genomewide significance levels were obtained by a Bonferroni correction. They were equal to 2.27 × 10 -5 , 1.14 × 10 -6 , and 2.27 × 10 -7 , respectively. As the F 2 population is the second generation of an intercrossing between 2 breeds, the population does not have enough generations to decay linkage disequilibrium (LD) between the 2 breeds, so the LD block is large in the F 2 population. Therefore, all of the associated SNP are considered to be in the same chromosomal region if they have only 1 peak on the chromosome.
The linkage between mapped and unmapped significantly associated SNP was determined by 2-point linkage analysis using CRI-MAP (Green et al., 1994) . A logarithm of the odds score of greater than 3 indicated a linkage between 2 SNP. Haplotypes of target regions were constructed using Simwalk2.9 (Sobel and Lange, 1996) . Linkage disequilibrium blocks were defined using Haploview4.2 (Barrett et al., 2005) based on the SNP with MAF > 0.05, Mendel error < 2, and the P-value of the HWE test < 0.001. The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) was used to search the functional partners of candidate genes (Franceschini et al., 2013) .
RESULTS
Descriptive Statistics of Phenotypic Traits
As shown in Table 1 , in stage 1 (from 120 to 210 d), the male's FCR was significantly higher than that of the female (P = 0.0004), but the difference disappeared in stage 2 (from 210 to 240 d; P = 0.37). On the contrary, RFI was not significantly different between sexes in stage 1 (P = 0.27) but was significantly higher in males than females in stage 2 (P < 0.0001). Neither FCR (P = 0.52) nor RFI (P = 0.12) were different between sexes during the whole testing period. Although males visited the feeder about 1 time less than females did, they stayed longer in the feeder, ate faster, and consumed more feed per visit and per day, especially in stage 2.
From stage 1 to stage 2, FCR, DFI, FIPS, and feed intake per visit (FIPV) increased significantly (P < 0.0001) in both sexes, but the degrees were different between sexes. The DFI, FIPS, and FIPV increased more quickly in males (P < 0.0001), whereas the FCR increased faster in females (P = 0.02). The RFI increased significantly in males (P = 0.0418) and decreased in females (P = 0.0126), so RFI was significantly greater in males than in females (P = 0.002). The DFT decreased significantly in both sexes (P < 0.0001), and DVT had no significant difference between the 2 stages (P = 0.54).
Simple Correlation Coefficients of Phenotypic Traits
Supplemental Table S1 shows phenotypic correlation coefficients and their differences between sexes. In stage 1, DFI was significantly correlated with all other traits and only FCR, RFI, and FIPS did not correlate with DVT. The DFT and FIPV were significantly correlated with all other traits but did not correlate with each other. The correlation coefficients were not always identical between sexes in stage 1. For example, the correlation coefficient between FCR and DFI was significantly greater in males than in females (P < 0.0001). Most of correlation coefficients decreased in stage 2, and all of the differences between sexes had disappeared. The whole fattening period (from 120 to 240 d), correlation coefficients were very similar to those in stage 1 except that the males' correlation coefficient between FCR and RFI was significantly higher than that of females (P < 0.0001).
Genomewide Association Study Results
All experimental animals and 39,577 SNP (including 4,386 unmapped SNP, according to the pig genome assembly Sscrofa10.2; www.ensembl.org/Sus_scrofa/ Info/Index) passed the quality control. Those animals and SNP were used for further analyses. The average physical distance between adjacent SNP was 73.8 kb, ranging from 56.6 kb on SSC14 to 413.4 kb on SSCX. Our principal component analysis showed that no obvious population stratification existed in the F 2 population (Supplemental Fig. S1 ). To adjust the relationship between animals, a random polygenic effect estimated with a genomic kinship was included in the GWAS model.
In total, we identified 6 chromosomal regions associated with feed efficiency and feeding behavior traits at suggestive and genomewide significance levels (Table 2; Fig. 1) , and 2 chromosomal regions were associated with more than 1 trait. One, around 35 Mb on SSC7, was the strongest associated region detected in this study. There were 47 and 67 SNP significantly associated with As shown in Fig. 1e , we did not observe any SNP significantly associated with FIPV on the pig genome except an unmapped SNP, ALGA0066720, which is associated with FIPV from Day 120 to 210 (FIPV 120-210 ) and FIPV from Day 120 to 240 (FIPV 120-240 ) at a suggestive significance level. Linkage analysis showed that Table S2 ). Therefore, ALGA0066720 was predicated to be located near 49.89 Mb on SSC12.
DISCUSSION
In this study, we have performed GWAS for feeding related traits (≥334 animals) during 3 fattening periods (2 stages and overall) in an F 2 population produced by an intercrossing between White Duroc boars and Erhualian sows. To best of our knowledge, this is the first study of pig feed efficiency and feeding behaviors at 2 growth stages. As expected, less feed efficiency has been observed as the pig grows up. The FCR increased by 0.74 from stage 1 to stage 2; namely, the pig consumed 0.74 kg more feed to gain 1 kg BW in stage 2 than in stage 1. In addition to FCR, DFI, FIPS, and FIPV also increased by 214.6 g, 0.13 g/s, and 59 g/visit, respectively, whereas DFT decreased by 233.4 s in stage 2 compared with stage 1. With the pig growing up, it requires more energy to maintain its basic metabolism and to deposit more fat. The energy required to deposit some amount of fat is almost 6 times that required to grow the same amount of lean meat (Talbot, 2011) . Therefore, there is less feeding efficiency in the late fattening period than the early.
A total of 6 chromosomal regions show significant association with feed efficiency and feeding behavior traits, and 2 of them overlap with previously reported QTL. One is the chromosomal region associated with FCR 120-210 and FCR 120-240 around 36 Mb on SSC7, and it corresponds to our previously detected QTL for FCR in the F 2 population ). The other is the region associated with FIPS 120-210 and FIPS 120-240 around 53 Mb on SSC12, and it overlaps with a QTL for feed intake per minute (Houston et al., 2005) . Do et al. (2013) have detected a significant SNP associated with FIPS at 18.8 Mb on SSC2, but it is too far from the locus to be associated with FIPS 120-240 at 113 Mb. There is no QTL for RFI mapped at 134 Mb on SSC3, but a suggestive SNP at 100 Mb has been reported in association with FCR (Sanchez et al., 2014) . Although a suggestive SNP associated with DFI has been reported at 108.7 Mb on SSC9 in a Duroc population (Do et al., 2013) , it is about 40 Mb from the top SNP association with DFI 120-210 . There is 1 suggestive SNP reported to be associated with DVT at 5.16 Mb on SSC10 (Do et al., 2013) ; however, it is too far from the region associated with RFI 210-240 at 65.39 Mb.
The region associated with FCR on SSC7 is the strongest locus detected in this study. It is also associated with DFT and DVT at slightly lower significance levels (Supplemental Table S3 ) and shows pleiotropic effects on multiple traits. Besides feed efficiency and feeding behaviors, the region was also associated with other traits, for example, the gait scores of front and rear legs (Guo et al., 2013) , fat acid composition (Yang et al., 2013) , skin thickness (Ai et al., 2014) , and so on. Therefore, this region is worth fine mapping and genomic characterizing.
Although most studies have discarded the unmapped SNP, retaining them in GWAS can improve the detection power. For instance, there 1 DFI 120-210 = daily feed intake from Day 120 to 210; DFT 120-240 = daily feeding time from Day 120 to 240; DFT 210-240 = daily feeding time from Day 210 to 240; DVT 210-240 = daily visit times from Day 210 to 240; FCR 120-210 = feed to gain ratio from Day 120 to 210; FCR 120-240 = feed to gain ratio from Day 120 to 240; FIPS 120-210 = feed intake per second from Day 120 to 210; FIPS 120-240 = feed intake per second from Day 120 to 240; FIPV 120-210 = feed intake per visit from Day 120 to 210; FIPV 120-240 = feed intake per visit from Day 120 to 240; RFI 210-240 = residual feed intake from Day 210 to 240.
2 The genomic position of ALGA0066720 is not known on the pig reference genome (Sscrofa, build 10.2; www.ensembl.org/Sus_scrofa/Info/Index). The position of this SNP is the position of ASGA0054864, a tightly linked marker.
3 The P-value was corrected by genomic control. **: 1% genomewide significance; *: 5% genomewide significance; without *: suggestive significance.
was no mapped SNP associated with FIPV (Fig. 1e) , but an unmapped SNP, ALGA0066720, showed an association with them at a suggestive significance level. After a linkage analysis, we have mapped the SNP at approximately 49.89 Mb on SSC12. Besides helping to detect more loci, retaining the unmapped SNP can also consolidate the association between the mapped SNP and the traits. For instance, there were 4 unmapped SNP significantly associated with FCR 120-210 and FCR 120-240 (Fig. 1a) , and all of them were mapped to the chromosomal region associated with FCR on SSC7 through a linkage analysis (Supplemental Table S2 ). Our previous QTL mapping study in the same F 2 population had detected 8 QTL for FCR, DFI, DVT, and FIPS , and this study has detected 5 chromosomal regions associated with the 4 traits. Only the QTL for FCR on SSC7 is consistent between the 2 studies. The following points can explain the discrepancy. First, the Bonferroni-corrected threshold values in GWAS are more conservative than those obtained from the permutation test in QTL mapping studies (Guo et al., 2013) . Second, the statistic model for QTL mapping includes the additive and the dominant effects of a QTL, whereas the GWAS model fixes only the additive effect. Finally, the residual variance is smaller in the QTL mapping study than GWAS, because the biggest QTL detected in the previous rounds were included in the model as fixed effects in the QTL mapping studies (Guo et al., 2008) .
Bonferroni correction controls the false discovery rate at the expense of statistical power, so some loci could not be identified under the Bonferronicorrected threshold values. To increase the detection power, some potential chromosomal regions with P < 0.001 (corrected by genomic control) are listed in Figure 2 . The linkage disequilibrium (LD) block and candidate genes in the significantly associated region on SSC7 (a) and SSC12 (b). ALGA0108932 was mapped at 53.14 (b; left) and 53.24 Mb (b; right) on SSC12. Negative log meta P-value of feed conversion ratio (from 120 to 210 d and from 120 to 240 d) on SSC7 and of daily feeding time (from 120 to 240 d and from 210 to 240 d) and feed intake per second on SSC12; annotated genes in the chromosomal region retrieved from the Ensemble genome browser (www.ensembl.org/Sus_scrofa/Info/Index).
Supplemental Table S3 . Some of the QTL detected in our previous QTL mapping study have a corresponding chromosomal region in Supplemental Table S3 , for example, the QTL for DVT on SSC7.
The strongest associated region detected in this study is on SSC7. The top SNP was MARC0058766 located in a 2.88-Mb LD block, and there are 44 genes in the LD block (Fig. 2a) . The high mobility group AT-hook 1 gene (HMGA1) is close to the top SNP and encodes a nonhistone chromatin protein, which is involved in cellular growth and differentiation (Cleynen and Van de Ven, 2008) . If a pig grows fast, it has high feed efficiency. Therefore, the HMGA1 gene is a candidate gene for FCR on SSC7.
ALGA0108932 is the top SNP of DFT 210-240 , FIPS 120-210 , and FIPS 120-240 on SSC12. It is in pigs' repeat region and was mapped at 53.14 and 53.24 Mb. Both of the positions fall in a 211-kb LD block, and only the WSCD1 gene is located in the LD block (Fig. 2b) . WSCD1 encodes a cell wall integrity and stress response component domain containing 1 protein that catalyzes the transfer of a sulfate group from 3′-phosphoadenosine 5′-phosphosulfate to the hydroxyl group of an acceptor and produces the sulfated derivative and 3′-phosphoadenosine 5′-phosphate. One of its functional partners predicted by STRING in Gasterosteus aculeatus is uridine-diphosphate-glucose dehydrogenase, which is involved in glucose metabolism (Supplemental Fig. S2 ). We inferred that the WSCD1 gene participates in the glucose metabolism. Therefore, it is a candidate gene for DFT and FIPS on SSC12.
Although there was no significant genomic region associated with the differences of feed efficiency and feeding behaviors between the 2 stages (Fig. 3S) , several regions almost reached the suggestive significance threshold, such as the difference of FCR between the two stages (FCR diff ) on SSC1 and SSC13 ( Fig. 1g ; Supplemental Table S3 ). Furthermore, among the detected genomic regions, most of them were associated with those traits only in 1 stage. For example, the distant end of SSC3 was significantly associated with RFI only in stage 2 (Fig. 1g) . Therefore, those regions likely harbor genes that control those traits in only 1 growth stage.
The F 2 population was produced to map QTL, namely, to detect the genomic difference of a trait between the 2 founder breeds. Therefore, few founders could decrease the noise from the difference in the same founder population. Using only 2 Duroc boars to produce the F 2 population has a 2-sided effect for GWAS. As with QTL mapping, it could improve the statistic power to detect the genomic regions of a trait that are different between the 2 founder breeds, especially when the population size is small. On the other hand, it would decrease not only the power to detect the genomic regions variant within the Duroc breed but also the resolution of the genomic locus. Because the resolution of the QTL detected in the F 2 population is low, it is difficult to identify the causative gene underlying a QTL with a candidate gene approach.
In general, the associated SNP number indicates the certainty of a QTL in the region. The bigger the SNP number is, the more the certainty is. However, the degree of LD and the SNP density in a given region affect the number of the associated SNP. The higher the SNP density and the degree of LD are, the more the SNP is (or are) associate with the trait.
Conclusion
This is the first study for pig feed efficiency and feeding behaviors at 2 growth stages. A total of 6 chromosomal regions were identified, and 2 of them were associated with more than 1 trait. One was associated with FCR 120-210 and FCR 120-240 and located around 36 Mb on SSC7. The other was around 53 Mb on SSC12, which had multiple association signals for DFT and FIPS. The top SNP on SSC12 is located in a 211-kb LD block that harbors only 1 annotated gene, WSCD1, which encodes a protein with sulfotransferase activity and involves the glucose metabolism and, therefore, appears to be a plausible candidate gene. Except the locus on SSC7 and the locus on SSC12, the others were reported for the first time. There are some regions associated with the traits only in 1 stage, so the genetic architectures of feed efficiency and feeding behavior traits may be not completely the same in the 2 stages. This finding implies that it is feasible to genetically improve the hog's feed efficiency according to the market BW.
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